We analyze plasma dispersion and scattering of fast radio bursts (FRBs) to identify the dominant locations of free electrons along their lines of sight and thus constrain the distances of the burst sources themselves. We establish the average τ -DM relation for Galactic pulsars and use it as a benchmark for discussing FRB scattering. Though scattering times τ for FRBs are large in the majority of the 17 events we analyze, they are systematically smaller than those of Galactic pulsars that have similar dispersion measures (DMs). The lack of any correlation between τ and DM for FRBs suggests that the intergalactic medium (IGM) cannot account for both τ and DM. We therefore consider mixed models involving the IGM and host galaxies. If the IGM contributes significantly to DM while host galaxies dominate τ , the scattering deficit with respect to the mean Galactic trend can be explained with a τ -DM relation in the host that matches that for the Milky Way. However, it is possible that hosts dominate both τ and DM, in which case the observed scattering deficits require free electrons in the host to be less turbulent than in the Galaxy, such as if they are in hot rather than warm ionized regions. Our results imply that distances or redshifts of FRB sources can be significantly overestimated if they are based on the assumption that the extragalactic portion of DM is dominated by the IGM.
INTRODUCTION
Fast radio bursts (FRBs) with durations ∼ 1 to 8 ms show dispersive arrival times consistent with a cold plasma and dispersion measures (DM, the column density of free electrons) too large to be accounted for by the NE2001 model for free electrons in the Milky Way. Thus far, reported FRBs have been detected from 17 distinct sources (Lorimer et al. 2007 ; Keane et al. 2012; Thornton et al. 2013; Spitler et al. 2014b; Burke-Spolaor & Bannister 2014; Ravi et al. 2015; Champion et al. 2015; Masui et al. 2015; Keane et al. 2016) . They have DM ratios DM/DM NE2001,∞ ∼ 1.4 to 35, where DM NE2001,∞ is the total integral of the NE2001 Galactic model for the electron density (Cordes & Lazio 2002) in the direction of the FRB.
The source of unmodeled electron-density contributions to FRB DMs has been widely debated in the literature, with explanations ranging from the photospheres of Galactic stars (Loeb et al. 2014) , to host galaxies with negligible contributions from the intergalactic medium (IGM; Cordes & Wasserman 2016) , to the IGM as the dominant medium (e.g. Lorimer et al. 2007 ; Thornton et al. 2013; Keane et al. 2016) . Recent work, however, suggests that the sources of several FRBs are certain to be extragalactic and that they reside in galaxies. The repeater FRB121102 shows no evidence for an HII region in a deep VLA image that could account for the excess DM . No HII regions have been seen in any of the other FRB directions, though FRB010621 at Galactic latitude b = −4.0
• toward the inner Galaxy (l = 25.4
• ) requires further investigation. The Faraday rotation measure (RM) of the high Galactic latitude FRB110523 (Masui et al. 2015) is consistent with the magnetoionic medium of a spiral host galaxy. Finally Keane et al. (2016) have identified a redshift z = 0.49 galaxy coincident with afterglow type variability of a source in the field of view of FRB150418, though this association has been questioned by, e.g., Williams & Berger (2016) ; Vedantham et al. (2016) .
Ten out of the 17 known FRB sources produce bursts that show asymmetric pulse broadening with time constant τ caused by scattering from small-scale electron-density variations. The others show more symmetric pulses that imply upper bounds on broadening comparable to measured values. Most of the known FRBs are in directions where the Galactic contribution to τ is negligible. To be sure, the known sample is highly affected by Galactic scattering that prevents detection of fast bursts in directions through the inner Galaxy.
In this paper we define the Galactic τ -DM relation using pulsars and establish that, as a class, FRBs are under scattered with respect to this relation. Measurements or upper limits on FRB broadening are therefore notable in two ways: First, the measured pulse broadening is much larger than expected from the Milky Way for the directions to FRBs; but, second, the broadening is smaller, sometimes significantly so, than would be expected from the τ -DM relation arXiv:1605.05890v1 [astro-ph.HE] 
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for Galactic pulsars having the same DM. Most of the upper limits on FRB scattering are also below the Galactic τ -DM relation, so this seems to be a general trend. We interpret this trend by considering the physics and geometry of dispersing and scattering electrons that involve the Milky Way, the IGM, a host galaxy, and specific regions within a host galaxy. The simplest conclusion is that host galaxies dominate pulse broadening and also likely make significant contributions to measured FRB DMs.
In Sections 2 and 3 we compare distributions of DM and τ for Galactic pulsars and FRBs. In Section 4 we analyze the τ -DM relation for Galactic pulsars and in Section 5 we discuss pulsar lines of sight that show deficits of scattering as a prelude to our analysis of FRBs in Section 6. We interpret and summarize our results in Section 7. Appendix A summarizes data from the literature that we have used to determine the τ -DM distribution of pulsars. Appendix B gives relationships between dispersion, scattering, and emission measures used in our analysis.
FRB DISPERSION MEASURES
The distribution of DMs for FRBs contains significant information that can be used eventually to constrain the distances and environments of FRB sources. Here we discuss the DM distribution and the next section we discuss FRB scattering. Table 1 gives DMs and scattering times for the FRBs we consider along with relevant references. References: 1 -Burke-Spolaor & Bannister (2014), 2 - Keane et al. (2012 ), 3 -Lorimer et al. (2007 ), 4 -Champion et al. (2015 , 5 - Thornton et al. (2013 ), 6 -Masui et al. (2015 ), 7 -Spitler et al. (2014b ), 8 -Ravi et al. (2015 ), 9 -Petroff et al. (2015 , 10 - Keane et al. (2016) In Figure 1 we show FRB DMs plotted against Galactic latitude b and for comparison we show DMs for pulsars in the Milky Way and in the Magellanic Clouds (LMC, SMC). Several conclusions can be made from the figure.
First, the DMs of all FRBs with |b| > 10
• are much larger than the outer envelope of the distribution of DMs for Galactic pulsars, which approximately follows a csc |b| dependence. An extragalactic population of FRBs would ap- • (FRB010621 and FRB150418). The FRB nearest to b = 0
• is the repeater FRB121102. Its DM is actually significantly larger than the Galactic contribution because it is in the Galactic anticenter direction, whereas the largest pulsar DMs are near b = 0
• toward the Galactic center.
pear just this way if the total DM includes a large extragalactic component. Second, the total range of FRB DMs is no greater than that seen from Galactic pulsars. FRB DMs are unextraordinary column densities that could be provided by dwarf galaxies in some cases. For example, the smallest FRB DM is only 37% larger than the largest DM seen for a pulsar (J0537−69) in the LMC (after correction for Galactic contributions to the DMs using the NE2001 model and also a halo correction for the FRB DM, as discussed below in Section 6). The largest FRB DMs correspond to integration through a large portion of a galaxy disk or through a galactic center like that of the Milky Way. Ionized gas in galaxies therefore is a plausible source for some or most of the extragalactic part of DM.
Third, for |b| > 10
• , there is a significant gap ∆DM ∼ 300 pc cm −3 between the the smallest FRB DM (375 pc cm −3 for FRB010724) and the largest pulsar DM at the same latitude. One possibility is that the IGM is responsible for the FRB's non-Galactic DM and the gap is the minimum DM that corresponds to the path length through a volume large enough to contain an emitting source in the appropriate time frame. If so, a homogenous and isotropic population of objects would show a DM probability density function (PDF) that scales (in the mean) as DM 2 out to a volume-limited maximum for a standard-candle pop- Figure 2 the CDFs for FRB DMs as measured and after subtraction of the Galactic contribution, estimated from the disk contribution from the NE2001 model for the direction of the FRB added to a halo contribution of 30 pc cm −3 (Dolag et al. 2015) . The role of selection effects in the DM distributions is not known at present, so in addition to small-number statistics, the shape may be biased. At face value, however, the CDFs (either before or after correction for the Galactic contribution) are not consistent with DMs that are dominated by the IGM.
An alternative interpretation is that the DM gap mentioned above, combined with the range of DMs extending up to ∼ 1600 pc cm −3 , may imply that FRB sources reside in hostgalaxy regions with large electron densities, such as the interiors of supernova remnants, HII regions, and the centers of galaxies. Otherwise FRB sources at arbitrary sites within spiral galaxies would show small as well as large DMs related to the orientation of the galaxy. If FRB sources are intermixed with the free electrons responsible for the dispersion, small DMs would be more probable.
To illustrate this interpretation we show PDFs of the dimensionless DM for some simple geometries in Figure 3 (Top) Probability density functions (PDFs) of DM for schematic distributions of free electrons and sources of discrete pulses. The PDFs have been calculated from 500 different observers in random directions and at a distance much larger than the source population. The legend gives the shapes of the free electron distribution and the FRB source distribution. Electrons have a filled distribution with its characteristic size depicted as a solid line contour. The source distribution is shown as a color-filled shape. Three out of the four distributions are disks seen edge on with a 10:1 axial ratio. The fourth is spherical. The dashed line shows the PDF expected for the IGM, which is a spherical distribution with the observer at the center. Note that none of the PDFs shown take into account selection effects in FRB surveys. (Bottom) Cumulative density functions (CDFs) of DM for the schematic distributions shown in Figure 3 . generated by Monte Carlo using 2000 objects for each of 500 isotropic observer directions, with the observer at a large distance from the population. To dimensionalize the DM values, they must be multipled by a length scale and by a peak electron density. The length scale could be the radius of a disk galaxy or it could be the size of a supernova remnant (SNR) or galactic center. The heavy lines delineate the shape and size of the electron distribution (e.g. the 1/e scale) while the filled region represents the distribution of FRB sources. The top case ('Disk + Disk') is for a disk galaxy, which is shown in a side view. The top two cases in the figure have identical electron and source distributions. The bottom two have source distributions that are smaller than the electron distributions.
When the two distributions are equal in size in at least one dimension, the resulting PDF maximizes at DM = 0 whereas a source distribution that is smaller than the electron distribution in all dimensions yields a peak at non-zero DM. This is demonstrated for the case labeled 'Disk + Small Core' but also results when a spherical source distribution is smaller than a spherical electron distribution. The peak of the DM distribution shifts to larger DM in proportion to the ratio of radii of the two spherical two distributions. FRB sources in different galaxies would show a combined DM distribution that is a superposition of single-galaxy PDFs and there would be no correlation of DM with distance. Figure 3 (bottom) shows cumulative distributions (CDFs) whose shapes display differences in convexity. We overplot (light red line) a representative fit to the CDF for extragalactic DMs using an ellipsoidal electron-density distribution with axes in proportion to 1:1:0.35 and a spherical source distribution of relative size 0.1. The detailed parameters are not unique but the FRB distribution seems to require a model that is generically similar to this example. The concave distribution expected from an IGM-dominated model (∝ DM 3 ) cannot fit the data unless it is heavily modified by selection effects. A detailed study is deferred to another paper. 3 . FRB SCATTERING Figure 4 shows scattering times τ at 1 GHz vs. Galactic latitude. The data used in the figure are based on pulse broadening and scintillating bandwidth measurements scaled to 1 GHz; they are summarized in Appendix A.
Pulsar scattering times span more than ten orders of magnitude. The scattering times of FRBs, like their DMs, are also within the range spanned by pulsars but are many orders of magnitude larger than pulsars at similar Galactic latitudes, in most cases. The large values of τ signify either that FRBs are Galactic with large column densities of un- modeled free electrons along their lines of sight or that they are extragalactic. Recent evidence supports an extragalactic origin for two FRBs based on scintillations and Faraday rotation of FRB110523 (Masui et al. 2015) and from the absence of a radio-emitting HII region along the line of sight to FRB121102 (e.g. Scholz et al. 2016) . Of course some of the FRBs could still be Galactic. In the following we assume that the 17 FRBs included in Table 1 are extragalactic and assess the nature of FRB scattering by comparing to Galactic scattering of pulsars. Despite a significant vertical spread in τ at any given DM there is a clear trend of increasing τ with DM. To quantify the trend for Galactic sources (excluding FRBs and a pulsar in the LMC) we fit a Gaussian model to log τ with a standard deviation σ log τ and a mean scattering time of the form (Ramachandran et al. 1997 )
The RMS variation σ log τ is assumed to be independent of DM and is also a search parameter. The likelihood function for measurements was taken to be the product of factors involving a Gaussian probability density function (PDF), All DMs Figure 6 . Histograms of the residuals between measured log τ and the model log τ for pulsars only. Histograms are shown for pulsars with DM < 100 pc cm −3 and DM > 100 pc cm −3 as well as for all DMs.
The maximum likelihood solution, obtained from a grid search, is
with roughly 5% errors on each parameter. Figure 5 shows τ (DM) as a solid red line and dex [log τ (DM) ± σ log τ ] as dashed red lines. The distribution of pulsar scattering times relative to the best fit trend appears to have positive skewness. Figure 6 shows histograms of log τ / log τ for DM < 100 pc cm −3 , for DM > 100 pc cm −3 , and for all DMs. The low-DM histogram is clearly skewed while the high-DM histogram is also skewed but less so. The skewness is consistent with scattering along the lines of sight typically being dominated by a small number of scattering regions. While longer lines of sight encounter more regions, yielding a more symmetric distribution, the chances are also higher for encountering a region with stronger scattering that dominates τ (e.g. Cordes et al. 1991) .
PULSAR OUTLIERS
Figures 5 and 6 show clear outliers from the τ -DM relation, both above and below the fit, in some cases by two or more times the standard deviation σ log τ . Excess scattering is easily produced by HII regions along some lines of sight, with increasing likelihood at large DMs that usually correspond to larger distances. Some of the HII 'clumps' in the NE2001 model were in fact identified this way. As specific examples, the two largest scattering times are the cyan squares in Figure 5 at DM ∼ 532 and 830 pc cm
for pulsars J1841−0500 and J1550−5418. The first of these is near the SNR Kes 73 but not close enough to attribute the scattering to the SNR. However, the pulsar location is near ISM wisps that may provide enhanced scattering somewhere along the ∼ 7 kpc path length (Camilo et al. 2012) . The second object is a magnetar coincident on the sky and possibly associated with the SNR G327.24−0.13 (Camilo et al. 2007) . The SNR appears to be responsible for the enhanced scattering.
Another pulsar with excess scattering is the young pulsar J0540−6919 (B0540−69) in the LMC with DM ∼ 146 pc cm −3 and τ ∼ 1.5 ms at 1 GHz, about 5000 times larger than the NE2001 prediction. The scattering almost certainly comes from the LMC 1 and evidently is strong enough to overcome the geometric deleveraging of τ by the proximity of the scattering electrons to the source.
There are also significant deficits in τ for some pulsars, a few of which are labeled in the figure. We discuss these in terms of a toy model for scattering that can account for the deficits and will guide our analysis of FRB lines of sight that also show deficits.
Simple Scattering Model for Pulsar Lines of Sight
We calculate τ by integrating the mean-square scattering angle per unit distance η(s) over a path length d,
where the line of sight weighting enforces that propagation paths from the source at s = 0 reach the observer at s = d (Blandford & Narayan 1985, Appendix A) . Here and throughout the paper we assume angles are very small compared to a radian. Eq. 3 also assumes scattering is homogenous across an infinite transverse plane at each s. If the scattering region is truncated or otherwise inhomogeneous, the pulse broadening is altered (Cordes & Lazio 2001) . Screen truncation may be relevant to FRB scattering and is discussed later. The mean-square scattering angle can be related to other bulk quantities that characterize electron density fluctuations (Appendix B). We use a Kolmogorov wavenumber spectrum (e.g. Armstrong et al. 1995) with wavenumber cutoffs corresponding to an inner scale (l i ) and an outer scale (l o ). Then η = h λ F n 2 e where n e is the volume-average electron density and h λ = Γ(7/6)λ 4 r 2 e ; λ is the wavelength, Γ is the gamma function, and r e is the classical electron radius (c.f. Appendix A of Cordes & Rickett 1998) 
1/3 involves the inner scale because the smallest scales scatter the radiation the most while the outer scale is part of the relation between the variance of the total density and the squared-mean density, n tities parameterize the fractional density variance 2 inside small HII clouds; cloud-to-cloud variations are described by the dimensionless second moment ζ and the volume filling factor f f .
For a homogeneous medium with constant η, the broadening time 2cτ = ηd 2 /6 can be related to DM = n e d as 2cτ = h λ F DM 2 /6, which gives
for ν in GHz, DM in units of 10 3 pc cm −3 , and fiducial inner and outer scales of 10 3 km and 100 pc, respectively, that are like those in the NE2001 model. These values are also of order the same that were found from a detailed study of pulsar broadening for the pulsar J1644−4559 (Rickett et al. 2009 ). The nominal broadening time matches those in Figure 5 for DM = 10 3 pc cm −3 . The fit τ (DM) in Figure 5 has segments ∝ DM 1.4 and ∝ DM 4.4 that differ markedly from this τ ∝ DM 2 scaling. This is evidently due to strong inhomogeneities of the ISM, leading to large differences in F across the Galaxy. The NE2001 model includes components between which l 1/3 i F varies by a factor 500, with the largest values in the inner Galaxy and in spiral arms (c.f. Table 3 in Cordes & Lazio 2002) .
For pulsar scattering, we adopt a simple model (Figure 7 ) that includes a constant background level of scattering η ism combined with scattering η c from a clump at a distance s c from the pulsar. The clump has a line-of-sight extent w c d. We write η(s) = η ism + η c w c δ(s − s c ), where δ is the Dirac delta functional, to obtain
We compare two cases, one with (wc) and one without a clump along the line of sight, that yield the same total DM but correspond to different pulsar distances. The clump's contribution to DM is δDM c and the distances are related by d wc = d − δDM c /n e0 ≤ d for a constant volume-averaged electron density n e0 for the background ISM. The ratio of scattering times is
This equation can be expressed in terms of the dimensionless quantities r c ≡ δDM c /DM and ξ c ≡ (
where we define the clump and interstellar portions of the DM as δDM c = r c DM and
s c Figure 7 . Simple model for Galactic scattering from a background ISM with constant angular scattering variance per unit distance, ηism, combined with a clump of depth wc at distance sc from a source and having a different angular scattering variance per unit length, ηc. The source-observer distance is d.
The general solution to the quadratic equation 8 for r c < 1 is
To influence the solution on r c , ξ c (τ wc /τ )/3(1−τ wc /τ ) is needed. Clumps at average positions along the line of sight (s c ∼ d wc /2) can satisfy these conditions and lead to the strong excess pulse broadening seen on many of the large-DM cases in Figure 5 . Excess ionized gas near a pulsar, such as in a bow shock nebula or SNR, is more likely to perturb only DM unless F c is very large. Inspection of Eq. 7 or 8 indicates that a clump that alters only the DM and does not scatter ( F c ∝ ξ c = 0) produces a deficit in the pulse broadening time, τ wc /τ < 1.
The solution r c = 1 − τ wc /τ applies in this case. This solution is illustrated schematically in Figure 8 along with another where the clump contributes to the scattering but not enough to increase τ wc /τ > 1.
Pulsars with Scattering Deficits
Pulsars that show significantly less scattering than the mean τ -DM trend are instructive for our analysis of FRBs and their scattering deficits. A more detailed analysis of these and other pulsar lines of sight is deferred to another paper as part of the overall development of a new model for free electrons in the Galaxy that will replace the NE2001 model.
We offer three explanations for the pulsars labeled in Figure 5 that have scattering deficits: (1) ionized gas that has intrinsically small fluctuations, as quantified by the fluctuation parameter F ; (2) higher-density gas affected by the pulsar itself, such as a pulsar wind nebula (PWN), that enhances the DM but not necessarily τ because ξ c 1; note that ξ c can be small due to small F or from geometrical effects; and (3) higher-density gas in a region relatively close to but not di- Figure 8 . Schematic presentation of the τ -DM plane and how a pulsar line of sight with a deficit in pulse broadening can be interpreted (in this case for J0908−4913). The red line shows the empirical fit of Eq. 1 and various points are labeled in the legend. The minimum required contribution to DM from a clump along the line of sight is δDMc(min) and corresponds to the maximum for the distributed ISM of DMism(max).
rectly affected by the pulsar; a spiral arm or supernova shock in the foreground of a pulsar would increase its DM but also would be geometrically disfavored to increase τ . Examples of all three of these cases can be found.
An example of the first is J0953+0755 (B0950+08), a nearby pulsar (d = 262 ± 5 pc, Brisken et al. 2002) viewed through the local super bubble and local hot bubble that evidently have small values of F because these regions have smaller density fluctuations (Phillips & Clegg 1992) .
Two objects associated with PWNs are J0908−4913 (B0906−49), the most under scattered pulsar in Figure 5 , and J1709−4429 (B1706−44). If these objects were replotted in Figure 5 using only the interstellar portions of their DMs, they could shift to the left into the normal range of τ -DM values (c.f. Figure 8) . The minimum required shift for J0908−4913 calculated from Eq. 9 with ξ c = 0 is ∼ 130 pc cm −3 (∼ 73% of its measured DM) and ∼ 45 pc cm −3 for J1709−4428 (60%). These are substantial contributions that require electron densities ∼ 45(1 pc/w c ) and ∼ 130(1 pc/w c ) cm −3 for the two objects, respectively, for PWN depths w c .
J0908−4913 has a PWN with a minimum density n 2 cm −3 (Gaensler et al. 1998) and is also seen through the Gum nebula (Purcell et al. 2015) . Together these regions could contribute 100 pc cm −3 or more to the total DM. Hα emission as seen in the Southern Hα Sky Survey Atlas (SHASSA, Gaustad et al. 2001 ) toward J1709−4429 has a minimum emission measure EM = 80 pc cm −6 that is much larger than the NE2001 value of EM = 0.1 − 2.2 pc cm −6 . For a depth L = 1 to 10 pc , DM Hα ∼ √ L × EM ∼ 9 to 28 pc cm −3 . While there is considerable latitude in these numbers, they are not inconsistent with those required to bring the lines of sight into consistency with the general τ -DM relation. The remaining pulsars with scattering deficits appear to require the third explanation. J0630−2834 (B0628−28) has a parallax distance of 0.33 +0.05 −0.01 kpc (Deller et al. 2009 ) that is about 23% of the NE2001 distance of 1.45 kpc using the measured DM = 34.5 pc cm • ) region of gas ionized by massive stars and having an emission measure EM ≈ 100 pc cm −6 . The pulsar is coincident to within ∼ 1 of a 2MASS source that is a stellar object in images from the SuperCOSMOS Hα survey (Hambly et al. 2001) . Although pulsar timing does not indicate a pulsar companion (R. Shannon, personal communication) the scattering deficit suggests that the DM is enhanced by an object close enough to the pulsar to de-emphasize any scattering contribution.
The final three pulsars, J1017−5621 (B1015−56), J1932+2220 (B1930+22), and J1955+2908 (B1953+29), are distant objects (d > 5 kpc) in the plane of the inner Galaxy (|b| < 0.5 deg). The probability is high that the lines of sight intersect clumps of excess free electrons or are influenced by a spiral arm local to the pulsar.
FRB LINES OF SIGHT
The locations of FRBs in the τ -DM plane are clearly biased below the Galactic trend line. Here we investigate the bias while questioning whether the same trend line should apply to FRBs if their sources are extragalactic and scattering outside the Galaxy is from ionized gas with possibly different properties.
To aid our discussion, an expanded view of the τ -DM plane is shown in Figure 9 for FRBs only (top panel). FRB scattering times for different sources vary by more than a factor of 30 but show no obvious correlation with their DMs. The FRBs with the largest and smallest values of τ have DMs within 25% of each other and the largest DM has corresponding pulse broadening about equal to the median in log τ .
Assuming FRB sources are extragalactic, we define the extragalactic contribution to DM as DM xg = DM frb − DM g , where the Galactic contribution DM g = DM NE2001 (l, b) + DM halo is the sum of the NE2001 model integrated to its edge and a halo contribution, taken as a uniform value DM halo = 30 pc cm −3 (Dolag et al. 2015) . Similarly we write τ xg = τ frb − τ g , where we do not include a halo contribution to τ g because it is likely smaller than the Galactic Figure 9 . (Top) The τ -DM plane for FRBs only using measured DM and τ values. The red lines and shaded region show the same model as in Figure 5 and each FRB is labelled. (Bottom) Similar to top panel but with the FRB values of DM and τ corrected for the contributions from the Milky Way using predictions from the NE2001 model. Also, the Galactic τ -DM model (blue shaded region) has been shifted upward by a factor of three compared to the red region in the top panel to take into account the difference between plane and spherical waves for FRB and Galactic lines of sight, respectively. disk contribution that is itself small. Figure 9 (bottom) shows FRB scattering after the Galactic contributions to the DM and τ have been subtracted. In all cases, the Galactic contribution to τ is negligible so the dominant effect is a leftward shift of the points. In most cases the shift is small, but three objects at low Galactic latitudes (FRB121102, FRB150418, and especially FRB010621 toward the inner Galaxy) have the largest Galactic contributions to DM. There are only upper bounds on τ for these three objects, so improvements in scattering estimates, especially for the repeating FRB121102 and any others that should happen to repeat, may move the points downward or allow actual determinations.
We also note that the scattering deficit for FRBs is actually larger than it nominally appears to be in Figure 9 (top). In comparing the Galactic τ -DM relation with extragalactic scattering, we need to consider differences in geometry. For Galactic sources, which are embedded in the scattering medium, wave sphericity causes less pulse broadening than for plane waves propagating through the same medium. Scattered waves from a distant source are effectively planar when they reach the Galaxy. This implies that scattering in the host should be a factor of three larger for the same scattering strength, F × DM 2 . This can be seen by comparing the ISM term in Eq. 5, ∝ F ism DM 2 ism /6, with the host term in Eq. 14, ∝ F h DM 2 h /2, and setting DM ism = DM h . Scattering from a clump near the source can be as much as a factor of six larger than for a Galactic source having the same DM.
Consider τ ism (DM ism ) to be the pulse broadening for a Galactic source and τ h for scattering from the distributed ISM in a host galaxy with column density DM h . Taking the ratio of host to Galactic scattering times, we have
The analogous ratio for scattering from a clump in a host galaxy is
Figure 9 (bottom) shows the τ -DM plane for FRBs with the Galactic τ -DM model shifted upward by a factor of three. In this case, only one out of the ten FRB measurements of τ are within the ±1-σ range of the mean Galactic model.
The leftward shifts of the plotted points cause FRB 010724 to show excess scattering by almost one sigma and the upper limit on the low-latitude FRB 010621 exceeds the mean trend by about 1.5 sigma. All other objects are below the mean trend line and only one (an upper limit for FRB121102) is within one sigma. Fourteen FRBs are more than one sigma below the trend line, several by more than an order of magnitude.
Possible Selection Effects
A selection effect that may be relevant to the location of known FRBs in the τ -DM plane is the reduction in signal-tonoise ratio for bursts scattered with τ comparable to or larger than the intrinsic pulse width (or the pulse widths that in some cases are determined by dispersion across a single spectral channel) 2 This would suggest that deficits should occur above a horizontal line across the τ -DM plane at a value of τ larger than the typical burst width. This also assumes that dispersion smearing across frequency channels is not a limiting factor, as with post-detection dedispersion, which would produce a threshold that scales linearly in DM. The distribution of DMs in the known sample does not seem to follow either of these trends. The same selection effect undoubtedly occurs for propagation paths through the inner disk of the Milky Way and, as previously noted, it is likely that many sources are not seen because their bursts propagate through long path lengths through the host or intervening galaxies.
For the known FRB sample, however, intervening (as opposed to host) galaxies are not obviously relevant. A Milky Way type galaxy will scatter radiation by a minimum θ ∼ 1 mas at 1 GHz for a face-on geometry. If the galaxy were midway along a d = 1 Gpc path, the scattering time would be τ ∼ dθ 2 /8c ∼ 0.3 s, not only much larger than observed but also too large to allow detection of bursts with intrinsic widths of milliseconds, unless they are extremely bright.
The agreement of some FRBs with the Galactic τ -DM relation to within ±1-σ may be only coincidence, but it could signify the existence of a scattering relation that is common to extragalactic and Galactic plasmas. For these few objects there is little or no allowance for a substantial contribution to measured DMs from electrons that do not also scatter the pulses. This would suggest that their scattering occurs in galaxies similar to the Milky Way from ionized gas whose internal turbulence is driven by stellar winds and supernovae.
Dispersion and Scattering Physics for FRBs
In the Galaxy, pulsar DMs are dominated by the warm ionized medium (WIM). The hot ionized medium (HIM) comprises significant volume but is a minor contributor to pulsar DMs given the approximate pressure equilibrium of the ISM, implying a lower density for the HIM by a factor T WIM /T HIM ∼ 0.01. FRB sources may reside in regions where pressure equilibrium is not established or where longer path lengths encounter hot gas that contributes significantly to DMs but has small F .
The hot IGM, as many have noted, can dominate FRB DMs if their sources are at cosmological distances. However, it also has been argued (Macquart & Koay 2013; Luan & Goldreich 2014 ) that the IGM has insufficient scattering per unit DM to produce pulse broadening. The basic problem is the very low density of the IGM. Despite potentially large path lengths through it, a finely-tuned wavenumber spectrum for δn e is needed. Luan & Goldreich argue that IGM heating from turbulent velocity fluctuations requires a large ∼ 1 Mpc outer scale that prevents density fluctuations on small scales from being large enough to scatter radiation sufficiently. This corresponds to a very small fluctuation parameter, F . Even if density fluctuations are not accompanied by turbulent velocities, thermal streaming motions in the hot (∼ 10 6 K) IGM would rapidly erase density variations (1 AU / 1000 km s −1 ∼ days). These conclusions are not altered by the much larger Fres-nel scale (r F = λd eff /2π) in the IGM ( 10 14 cm compared to 10 11 cm for Galactic lines of sight for effective distances to the scattering medium d eff 1 Gpc and d eff ∼ 1 kpc, respectively). A larger Fresnel scale allows larger scales to diffract radiation.
The inability of the IGM to account for pulse broadening implies that ionized regions in host galaxies must be responsible, since intervening galaxies are unlikely to occur along any of the known FRBs and would produce too much scattering, as noted above. Those regions will also contribute to DM, yielding FRB distances that are smaller, perhaps substantially so, than estimates based solely on contributions to DM from the IGM. If scattering in host galaxies resembles that in the Milky Way's ISM, it is justifiable to use the Galaxy's τ -DM relation as a benchmark.
We consider several effects that could influence the scattering of FRB pulses but may be too small to produce the observed deficits in τ :
1. Pulse broadening is smaller in the weak scattering regime, but radio frequencies used to date ensure that the RMS phase on the Fresnel scale r F = λd eff /2π is larger than unity, implying that strong scattering applies (Rickett 1990) . Here d eff is the distance of an equivalent scattering screen, which is approximately half the FRB's distance if the IGM is involved or it can be of order the path length through a host galaxy or the location of a subregion in a host galaxy.
2. Dispersion and scattering that occurs at high redshifts involves radio frequencies a factor 1 + z higher than the observation frequency. This causes a host-galaxy's contribution to both DM and τ to be smaller than in the galaxy's rest frame but the scattering time depends more strongly on z than DM, so a deficit may be seen. For example, the DM from a galaxy at redshift z g is reduced by a factor 1/(1 + z g ) but the scattering time is reduced even more by a factor 1/(1+z g ) 3 (Macquart & Koay 2013; McQuinn 2014; Dolag et al. 2015) . However, since attributed redshifts are at most ∼ 1 even if all the measured DM is attributed to the IGM, cosmological effects cannot by themselves account for the lack of any correlation in the τ -DM plane for FRBs nor for the wide range of scattering times seen.
3. Extragalactic plasmas may have wavenumber spectra that differ from the Galaxy's ISM. For example, if the inner scale of density fluctuations is comparable to or larger than the Fresnel scale, the mean square angular scattering per unit length η is reduced by a factor 1 − (l i /r F ) 1/3 with l i ≤ r F for a Kolmogorov spectrum. Refraction from scales larger than r F can affect the arrival time of a burst but will not broaden it. While this effect may be relevant to the IGM, hostgalaxy plasmas are probably not dissimilar from the Milky Way in their scattering properties.
4. The lateral extent of the scattering region can limit scattering. If it is spatially confined, large-angle ray paths are absent and the pulse broadening function (see Appendix A) will not show as long an asymmetric tail as for an unlimited region (Cordes & Lazio 2001) . FRBs with measured scattering show long tails so a truncated region does not appear relevant. However, it could apply to those FRBs that have upper limits on τ . Investigation of the detailed shapes of scattering tails may reveal or rule out this effect.
5. Anisotropic scattering from elongated density variations alters the shape of the pulse broadening function. In the limit of a large axial ratio, the PBF is concentrated closer to the time origin. Identification of anisotropy can be seen directly in radio images or inferred from secondary spectra of diffractive scintillations (e.g. Brisken et al. 2010) . Neither of these approaches appears feasible until fast imaging on long baselines (> 1000 km) or single-dish measurements of dynamic spectra have sufficient sensitivity.
Dispersion and Scattering Model for FRBs
With the above issues in mind, we consider FRBs in terms of a simple model for dispersion and scattering media, analogous to that in Figure 7 for pulsars. Generally, the total DM of an FRB is the sum of Galactic (disk + halo), intergalactic, host galaxy, and possibly other contributions. The host galaxy's contribution, like the Milky Way's, may also involve a mixture of smoothly distributed gas and clumps. If any FRBs originate from high redshifts, there can also be a contribution from an intervening galaxy or galaxy cluster. Figure 10 shows the model we wish to consider: a hostgalaxy component, an intervening clump region, the IGM, and the Galaxy. The clump component can represent substructure within the host or an intervening cloud or galaxy anywhere along the line of sight. As with the Galactic model used in our discussion of pulsars, we assume the local volume-averaged electron density and the mean-square scattering angle per unit length η are constant in each component.
The total DM and pulse broadening (c.f. Eq. 3) are
The expression for τ frb includes geometric weighting for all factors and we have assumed that path lengths through the host (L h ), clump (w c ), and Galaxy L g are much less than the path length through the IGM (L igm ). The inequalities for the different length scales are therefore
Using a cloud model like that in Section 5.1, the scattering can be re-expressed in terms of the contributions to DM from
η c s c Figure 10 . Schematic geometry for scattering in a host region (h), the intergalactic medium (igm), and the Galaxy (g) with thicknesses L h , Ligm, and Lg, respectively. Extra scattering may be contributed by a clump at distance sc from the source. The mean-square scattering per unit distance, η is assumed constant in each medium. The shading corresponds to ηc η h ηg ηigm.
the different components,
The relative contributions to DM and to τ frb from the different components depend on their densities and fluctuation parameters F and, in the case of a clump, on its proximity to the FRB source via the geometric factor (s c /w c )(1 − s c /d).
Assessment of FRB Scattering Configurations
We now assess alternative models involving the plasma components in Figure 10 . We systematically consider alternative models for FRBs with the goal of rejecting some of them and identifying tests for those that may be successful.
IGM dominates τ and DM
Suppose the IGM accounts for all extragalactic contributions to both DM and τ . Figure 4 of Dolag et al. (2015) shows a clear mapping between mean DM and redshift based on a simulation of large-scale structure. Assuming that density fluctuations scale with the local density and are driven by universal processes, a correlation between DM and scattering time is expected. That none is seen in Figure 9 disfavors this model on an empirical basis as well as theoretically, as described above. A caveat is that a relatively nearby FRB population would show large scatter about any correlation due to cosmic variance. However, a nearby population would receive a smaller contribution from the IGM to the total DM, so the caveat may not apply. This model is also in conflict with the observations of FRB110523 by Masui et al. (2015) , who show that the measured pulse broadening must come from within about 44 kpc(d/1 Gpc) of the source for a Gpc distance. A source at d 1 Gpc would imply an even smaller upper bound, implying that the scattering region is from substructure in a galaxy or resides in a dwarf galaxy.
IGM dominates DMxg but produces no scattering
A quiescent IGM with little or no electron density variations on scales smaller than the Fresnel scale r F = λd/2π ∼ 10 14 cm would yield small or negligible F igm . If no host galaxy or intervening clump contributes, the measured pulse broadening times would be produced only by the Milky Way, and thus would be very small for any of the known FRBs. The measured scattering times are much larger than the contributions from the Milky Way, so this model is also ruled out.
Quiescent IGM combined with a host galaxy
Another interpretation is like that used to account for pulsars with scattering deficits. Here we assume that the IGM contributes to the DM but not to τ . Then scattering from a host galaxy's disk can be reconciled with the Galactic τ -DM trend by simply shifting points in Figure 9 to the left by amounts that correspond to the IGM's contribution to DM (after allowance for the factor of three geometrical factor). As before, no shift is needed for FRB010724, implying that the IGM makes a negligible contribution to its DM and that the source and host galaxy are relatively nearby. For the other points (excluding upper limits), shifts of DM igm ∼ 300 to 1000 pc cm −3 are needed, implying a relatively large contribution from the IGM.
In this case DM xg = DM igm + DM h . Ignoring the low scattering from the Galaxy, the broadening time would be τ h = h λ DM 2 h F h /4c. The question then is whether scattering in the host galaxy follows the same τ -DM trend as in the Galaxy. If so, inversion of the Galactic τ -DM relation τ frb = 3 τ (DM h ) yields the contribution from the host, DM h , where the factor of three accounts for the difference between plane and spherical waves, as discussed earlier. The IGM contribution is given by DM igm = DM xg − DM h . Inspection of Figure 9 indicates that host contributions of 25% to 50% of DM xg would give a match of the measured τ frb to the mean Galactic trend line τ (DM h ). However the large contributions from the IGM, ranging from about 50% to 75% of DM xg would run afoul of the absence of low-DM FRBs if that absence persists as more FRBs are detected.
Host galaxy dominates both DMxg and τ
In this case DM xg = DM h and scattering deficits imply that the host galaxy does not follow the Galactic τ -DM trend. As discussed earlier in Section 2, FRB sources distributed throughout the host galaxy would show a wide distribution of DM values, including small values well below that of the smallest DM frb = 375 pc cm −3 or DM xg = 300 pc cm −3 . If all of the extragalactic DM is from a host galaxy's disk or a clump within it, we have τ h /τ ism = 3
1/3 (Section 5.1 ). A factor of ten scattering deficit therefore requires that the fluctuation parameter in the host be a factor of 30 or 60 smaller than in the Milky Way for a disk or clump, respectively. In the Milky Way, regions of more intense star formation, such as the spiral arms and the molecular ring, have much larger fluctuation parameters than in the ISM near the solar system. The small fluctuation parameters inferred here imply that the scattering regions in galaxies would be quite unusual compared to their Galactic counterparts, corresponding to small fractional density fluctuations ζ 2 or that the product of filling factor with the inner and outer scales of the wavenumber spectrum is large. The situation is most severe for FRB121002. For those FRBs requiring F c F ism or F h F ism , it may be implausible that FRBs have dispersion measures dominated by supernova remnants surrounding young FRB sources (Connor et al. 2015) . Galactic supernova remnants appear to increase the scattering of objects viewed through them. What is needed in the host galaxy is a region with a combination of high electron density to provide DM xg and high temperature to yield small density fluctuations on small scales. Such regions would be overpressured compared to the Galaxy's ISM, suggesting an association with a galaxy center or with an ensemble of SNRs.
A counterexample is the lowest-DM FRB010724 that is consistent with the pulsar τ − DM relation after the factor of three to six spherical-to-plane-wave effect is taken into account. This latter object is therefore consistent with an FRB residing in a galaxy disk with scattering properties similar to that of the Milky Way.
DISCUSSION AND CONCLUSIONS
This paper has compared dispersion and scattering of FRBs with pulsars in the Galaxy. Pulsars show a distinct trend of increasing pulse broadening time τ with DM that we have quantified. The scatter about the mean trend is understandable in terms of discrete scattering regions in the Galaxy and the small minority of outliers with a deficit of scattering can be understood in terms of scattering regions near the pulsars that produce geometrically attenuated pulse broadening. One case appears to show an actual reduction in the turbulence within the ionized gas that dominates DM (Phillips & Clegg 1992) .
FRBs as a class show deficits of pulse broadening with respect to the Galactic τ -DM trend, but one FRB is consistent with the trend (FRB010724). We discuss scattering configurations involving the Milky Way, the IGM, host galaxies, and substructure within host galaxies that could account for the tendency for FRBs to have smaller scattering per unit DM than Galactic sources.
Our conclusion is that pulse broadening is dominated by a host galaxy for those cases where scattering has been measured. Upper bounds on the other FRBs allow the possibility that pulse broadening in those cases is comparable to the measured cases. Given involvement of a host galaxy in the scattering, we have identified two possible interpretations for FRBs. The first interpretation associates the extragalactic portion of FRB dispersion measures DM xg to a mixture of IGM and host-galaxy contributions. If scattering in the host galaxy follows the mean Galactic τ -DM trend, the host's contribution to DM xg is about 25% to 50% with the remainder coming from the IGM. Distances or redshifts that associate all of DM xg to the IGM will be overestimated accordingly.
The second possibility is for the host galaxy to dominate both DM xg and τ . In this case, the electron density fluctuations in the host must be weaker than those found in Galaxy's ISM. We quantify the scattering strength with a fluctuation parameter F that combines the fractional variation of the density with characteristic scales of the wavenumber spectrum for the fluctuations (Appendix B). This quantity is typically a factor of 30 to 60 times smaller than in the Milky Way for lines of sight with the same DM as those of the FRBs. To achieve these values, either the fractional density variation is much smaller than in the Galaxy or a combination of inner and outer length scales of the fluctuations is much larger. These conditions may correspond to hot plasma 10 6 K that is dense enough to provide the FRB dispersion measures.
Stronger observational constraints are clearly needed. Localization of FRBs will yield associations with particular kinds of sources and environments and thus establish a distance scale. A much larger sample of FRBs, along with a better understanding of selection effects in FRB surveys, will provide DM and scattering-time distributions that can be used to disentangle the relative contributions of the IGM, host galaxies, and source environments.
Many of the data points were used in the development of the NE2001 electron density model and included direct measurements of pulse broadening τ and indirect measurements calculated from diffractive interstellar scintillation (DISS) bandwidths ∆ν using τ = C 1 /2π∆ν. In the figure the two kinds of points are separately designated. The NE2001 papers contain bibliographies of primary source data.
Pulse-broadening measurements and upper limits were also used from sizable samples reported by Bhat et al. (2004) , Nice et al. (2013) , Krishnakumar et al. (2015) , and for the individual pulsars J1811−1736 (Corongiu et al. 2007 ), J1841−0500 (Camilo et al. 2012) , J2021+3651 (Hessels et al. 2004) , and J2022+3842 (Arzoumanian et al. 2011) . Of these, J1841−0500 (DM = 532 pc cm −3 ) has one of the two largest known pulse broadening times, τ = 2.3 s at 1 GHz, the object being one of the GC pulsars, J1745−2912. We have used some of the pulse broadening times from Lewandowski et al. (2015b) that includes results from Lewandowski et al. (2013) and (Lewandowski et al. 2015a) . There is considerable overlap with the NE2001 sample, which also already included pulsars observed by (Löhmer et al. 2001 (Löhmer et al. , 2004 . The pulsar J1740+1000 is also included (McLaughlin et al. 2002) as an estimate of pulse broadening from a DISS bandwidth measurement. The value used is a factor of more than 10 4 smaller than the pulse broadening time reported by Lewandowski et al. (2013) , which appears to be confused with asymmetry from intrinsic pulse structure, as caveated by Lewandowski et al. (2013) .
Additional scintillation bandwidths were used from Lewandowski et al. (2013) , Keith et al. (2013) , and Levin et al. (2016) . The lone LMC pulsar with a scattering measurement is J0540−6919 (B0540-69) (Johnston & Romani 2003) .
For the five pulsars in the Galactic center, we use reported estimates or derive our own upper limits from pulse profiles reported in Johnston et al. (2006) and Deneva et al. (2009) . For the magnetar J1745−2900 near the Galactic center, we use the pulse broadening time reported in Spitler et al. (2014a) .
For (2015) and we referred to the online FRB catalog (Petroff et al., in preparation ; http://www.astronomy.swin.edu.au/pulsar/frbcat/.
B. CLUMP DISPERSION, SCATTERING AND EMISSION MEASURES
We give a short summary of the relationships between the dispersion measure, scattering measure, and emission measure. For more details see Cordes et al. (1991) ; Taylor & Cordes (1993) ; Cordes & Lazio (2002) .
Consider a clump with internal, volume-averaged electron density n ec . If the clump comprises sub-clumps with internal density n esc and filling factor f f , then n ec = f f n esc . Within each sub-clump there are small-scale density fluctuations consistent with a power-law wavenumber spectrum C 2 n q −β having a smallest (inner) scale l i = 2π/q i and largest (outer) scale l o = 2π/q o . In the paper we use β = 11/3 for a Kolmogorov wavenumber spectrum. Integrated over all wavenumbers q to get the variance, the fractional density fluctuation is = (RMS density) / (mean density). Variations between sub-clumps are described by the dimensionless second moment ζ = n 2 esc / n esc 2 , where angular brackets denote averages over an ensemble. For a path length w c through the clump , the dispersion measure and scattering measures are We evaluate the emission measure for a region of depth L,
EM = 10
3 pc cm −3 ζ(1
implying a a free-free optical depth for temperature T e = 10 4 T e,4 K, τ ff = 3.3 × 10 −3 ν −2.1 T −1.35 e,4 ζ(1
A clump with a broad spectrum of density fluctuations will both diffract and refract incident radiation. Diffraction causes radiation to be scattered instantaneously into a range of directions. Refraction simply bends a ray path and does not broaden an image or give a spread in arrival times, though it will produce a delay in arrival time of an incident pulse. The Fresnel scale r F = λd se /2π separates diffraction from refraction if plane waves are incident on a single electron-density screen at distance d se from the observer. However a source at finite distance d and a screen at distance d s from the source has a Fresnel scale
In the main text we use the mean-square scattering angle per unit length η, which is 
for l i r F (Cordes & Rickett 1998 ). For β = 11/3 and defining h λ = Γ(7/6)λ 4 r 2 e , we have
where
is the modified fluctuation parameter used in the main text. If the inner scale l i is not much smaller than the Fresnel scale, η is reduced by a factor 1 − (l i /r F ) 4−β for l i ≤ r F ,
This result implies that diffraction, which causes pulse broadening, diminishes as the inner scale approaches the Fresnel scale.
Refraction from larger scales still occurs, but it causes time-of-arrival perturbations on long time scales rather than causing multipath propagation that instantaneously broadens a pulse. It should be noted that refraction much stronger than from a Kolmogorov medium can produce multiple images that would yield multiple pulses with different arrival times and thus mimic pulse broadening from diffraction.
